Hourly surface O 3 simulated at high resolution over the UK for different scenarios effects is assumed, health burdens are more sensitive to the current legislation and +5 °C scenarios, although total health burdens are roughly an order of magnitude lower. In all scenarios, the assumption of a threshold increases the proportion of health burden in the south 3 and east of the UK compared with the no threshold assumption. The study highlights that the total, and geographically-apportioned, O 3 -attributable health burdens in the UK are highly sensitive to the future trends of hemispheric, regional and local emissions of O 3 precursors, and to the assumption of a threshold for O 3 effect.
Introduction
Substantial epidemiological evidence exists quantifying acute effects of short-term exposure to ambient ozone (O 3 ), particularly on mortality and respiratory hospital admissions (Bell et al., 2005; Levy et al., 2005; Ito et al., 2005; WHO, 2006) . Ozone is a secondary pollutant which is not directly emitted into the atmosphere but is created and destroyed by chemical reactions of other emitted species. The most important of these precursors are methane (CH 4 ) and carbon monoxide (CO), which have lifetimes of weeks to years and which, with emissions of nitrogen oxides (NO x = NO+NO 2 ), contribute to a general hemispheric 'background' of O 3 , and non-methane volatile organic compounds (NMVOC) which influence O 3 formation on a regional and local scale. When NO x emissions are very high, such as in urban areas, production of O 3 is suppressed. Meteorology also substantially impacts on O 3 via its influences on, for example, rates of chemical reactions, deposition of O 3 to the surface, emissions of biogenic NMVOC, boundary-layer depth, stagnating air pollution episodes and long-range transport.
Ozone precursor emissions are changing, but with different individual precursor trends in different regions around the world, and consequently the relative ratios in precursor emissions are also changing in different ways in different regions (Royal Society, 2008; AQEG, 2009; Lamarque et al., 2010) . Consequently, population exposure to O 3 is changing (Royal Society, 2008; Colette et al., 2012; Coleman et al., 2013) . Climate change also directly and indirectly modifies surface O 3 through its influence on processes determining emissions, chemistry and dispersion (Royal Society, 2008; Jacob and Winner, 2009; Langner et al., 2012; Fang et al., 2013; Doherty et al., 2013) . Given these changes, it is pertinent to estimate how the health burdens associated with surface O 3 may change in the future compared with recent levels, which is the focus of this work, for the UK specifically.
Previous estimates of future surface O 3 over the UK have generally been derived either from global models whose horizontal spatial resolutions are a few degrees (~200 km), or by semiempirical mapping methods (Stedman and Kent, 2008) . In this study, a nested atmospheric chemistry transport model has been used to simulate hourly O 3 concentrations at 5 km horizontal resolution across the British Isles for 2003, for three anthropogenic emissions scenarios for 2030, and for a simulation with increased surface temperature (as one sensitivity test for climate change). Simulated O 3 changes are also set in the context of variability of surface O 3 arising from two different years of meteorology. The impacts of these simulated changes in O 3 on regional UK mortality and morbidity from short-term exposure are calculated both with and without inclusion of a threshold concentration for health effects, as recommended by the World Health Organisation (WHO, 2013) . Health burdens from simultaneous changes in other air pollutant concentrations are not considered here.
Methods

Atmospheric chemistry transport modelling
The model used here is a grid-based, nested atmospheric chemistry transport model (ACTM) operating at 5 km by 5 km horizontal resolution over a British Isles inner domain (Vieno et al., 2010) derived from the (European Monitoring and Evaluation Programme) EMEP model . The chemistry model is driven by the Weather Research Forecast (WRF) model at the same horizontal resolution. The WRF model is constrained by boundary conditions from the US National Center for Environmental Prediction/National Center for Atmospheric Research Global Forecast System at 1° resolution, every 6 hours. Simulations are achieved using a one-way nested domain approach in which modelling over an outer domain at 50 km resolution for Europe provides the boundary conditions for finer-scale modelling over the 5 km inner domain. The model has been extensively evaluated and used for numerous policy applications (Carslaw, 2011; Carslaw et al., 2013; Schultz et al., 2013) .
Emissions data, including biogenic emissions, were obtained from the UK National Atmospheric Emissions Inventory (naei.defra.gov.uk) for the inner domain covering the British Isles and from EMEP (www.emep.int) for the outer domain covering Europe.
EMEP-WRF v3 simulations were performed using the following three air quality emissions projections, notionally for 2030, derived by the International Institute of Applied Systems Analysis (Dentener et al., 2005) :
(1) A2: a scenario based on the IPCC SRES A2 socioeconomic scenario (Nakicenovic et al., 2000) , which is generally regarded as 'high' for O 3 precursor emissions, and assuming no additional implementation of air quality legislation; (2) B2+CLE: a 'current legislation' scenario based on the IPCC SRES B2 socioeconomic scenario (Nakicenovic et al., 2000) , which is one of the central SRES scenarios, often used as a baseline for global air quality studies (Stevenson et al., 2006) , plus adherence to emissions reduction air quality legislation in force in year 2000; (3) B2+MFR: a 'maximum feasible reduction' scenario also based on the IPCC SRES B2 scenario, but including reductions in emissions achievable through implementation of all abatement measures available in 2000, regardless of legislation or cost.
Output from global multi-model simulations set the corresponding global CH 4 abundance (Dentener et al., 2005) , and the model outer domain O 3 boundary conditions (Stevenson et al., 2006) , appropriate for each scenario. This ensured that the concentrations of the longer- Table 1 . No changes in the spatial distribution of emissions were applied.
For the simulation to examine the O 3 response to increased temperature, the 2003 base model run was repeated with surface and potential temperatures uniformly increased by 5 °C in the inner domain. Boundary conditions were not changed. The UKCP09 climate projections (ukclimateprojections.defra.gov.uk) indicate that under medium-to-high future greenhouse gas emission scenarios there is a medium-to-high probability of average summer temperature increases of 5 °C over most of the UK in the 2080s. Temperature increase is the only aspect of climate change investigated here but temperature increase has important direct influence on rates of biogenic VOC emissions, gas-phase chemical reaction rates, and O 3 dry deposition. Other effects of climate change, such as its influence on water vapour concentrations or atmospheric dispersion were not investigated.
The baseline experiment was also repeated using 2004 meteorology to provide an indicator of the impact on surface O 3 of a different year's meteorology.
Health burden assessment methodology
Population health burdens attributable to short-term exposure to O 3 were calculated as follows for the 12 UK administrative regions listed in Table 2: Daily mortality (or morbidity) = daily O 3 × concentration-response coefficient × baseline mortality (or morbidity) rate × population In this work, 'daily O 3 ' refers to the daily maximum running 8-hour mean, as widely used in O 3 health effect studies. Residential population for 2003 at 100 m × 100 m resolution for England, Wales and Scotland were taken from the UK National Population Database 2 (NPD2) (Smith et al., 2005) and aggregated to each EMEP-WRF 5 km × 5 km grid cell. studies (Stedman and Kent, 2008; Hames and Vardoulakis, 2012 For the future emissions scenarios, the key features from Figure 1 and Table 2 are: for the B2+CLE scenario, increases in annual O 3 of 1.5-3 ppbv everywhere over the UK (up to 3.5 ppbv in London); for the A2 scenario, decreases over most of England (except the far north), reaching −2 ppbv in urban areas and −3 ppbv in the London area (Table 2) , and increases of 0-3 ppbv everywhere else; and, for the B2+MFR scenario, largely the reverse of the pattern under A2 (increases of 0-3 ppbv over most of England, plus south Wales, EdinburghGlasgow and Belfast, and decreases up to −1.5 ppbv elsewhere).
Results
Surface ozone concentrations
Anthropogenic emissions scenarios
These changes in UK surface O 3 reflect differences in the amount of background O 3
(approximately set by the boundary conditions in Table 1 (Table 1) .
Temperature sensitivity
The change in surface O 3 for a +5 °C uniform increase in temperature for the whole year increases in the south-east are up to 1.8 ppbv (Table 2 ). These changes in UK annual surface O 3 due to a higher temperature are generally lower than potential changes due to 2030 emissions changes although the higher temperature consistently yields increased surface O 3 .
In these simulations it was not possible to quantify the key processes producing the O 3 increases; however simulations by Vieno et al. (2010) showed the main influence of elevated temperature on O 3 in southern UK in August 2003 was via enhanced biogenic isoprene emission, although other factors such as dry deposition rate and transboundary import also contributed to the elevated O 3 in this region at this time. Likewise, Doherty et al. (2013) , in simulations for 2095 which included aspects of climate change, also showed the largest effect of temperature on surface O 3 in mid-latitude polluted areas was through elevated isoprene emissions; but they also noted O 3 increases resulting from enhanced decomposition of peroxyacetylnitrate (a temporary atmospheric reservoir species for NO x ). In these polluted mid-latitude regions, the above effects continue to outweigh O 3 decreases due to higher water vapour concentrations under simulated future climate to 2095. and Tables S1 &   S2 ), where population is high (Table 2) , but the underlying O 3 -attributable mortality and morbidity rates (Tables S1 & S2) are greatest in Scotland, Wales and the South West, where annual mean O 3 concentrations are greatest (Table 2) .
Inter-annual variability
If a threshold for O 3 effects of 35 ppbv is assumed then total UK annual premature mortality attributable to O 3 in 2003 drops dramatically from 11,500 (no threshold) to 1,160 ( Figure 3b and Table S1 ). Similarly, O 3 -attributable hospitalizations in 2003 decrease from 30,700 to 3,210 if a 35 ppbv threshold is assumed (Table S2 ). There is an important shift in the geographical distribution of the health burdens if a threshold for O 3 effect is assumed.
Supplementary Information Figure S1 shows that more of the attributable health burden is distributed in the north of the UK relative to the south if no threshold is assumed, but more is distributed in the south if a 35 ppbv threshold is assumed, albeit that absolute burdens are about 10 times lower in the latter case.
2030 projections
The annual health burdens for premature mortality and morbidity attributable to O 3 under the three different emissions scenarios are also given in Tables S1 and S2 , and the mortality data are presented graphically in Figure 3 . England. The A2 scenario projects a 16% increase in UK premature mortality and hospitalizations in 2030, with regional increases ranging between 8% for the North West and 25% for Northern Ireland. The B2+MFR scenario projects a 22% increase in total UK health burden, with regional increases ranging between 9% for Scotland and 33% for East England and London. Thus, over the whole of the UK, both the 'current legislation' and 'maximum feasible reduction' scenarios lead to greater total health burden from O 3 in 2030 than the 'high' emission A2 scenario.
As well as giving the largest increase in total UK health burden attributable to O 3 , the B2+CLE scenario also leads to the largest health burden in every region except for Northern
Ireland, whose health burden is slightly larger under the A2 scenario (Tables S1 & S2 ). In this western location the increase in background hemispheric O 3 under the A2 scenario is slightly greater than the increase arising from declining regional NO x emissions (Figure 1 ). In contrast, the increase in mortality and hospitalization is larger for the B2+MFR scenario than for the A2 scenario in the more densely populated predominately eastern regions (London, the South East, East England and the East and West Midlands), whereas the increase in health burdens is smaller for the B2+MFR scenario than the A2 scenario for the less populated regions of Scotland, Northern Ireland and Wales. In fact, for these latter regions it is the increase in population that drives the increase in absolute health burdens under the B2+MFR scenario since mean surface O 3 decreases in these regions under this scenario ( Figure 1 , and as discussed in Section 3.1).
The impact of increased population is removed by examination of the annual O 3 -attributable mortality and morbidity rates per 100,000 population (Tables S1 & S2 (Tables S1 and S2 ).
In summary, if a threshold is assumed, health burden distributions under the B2+MFR scenario enhance the contrast between the more urbanised eastern and southern UK and the less densely populated Scotland, Northern Ireland and Wales. On the other hand, health burdens (with threshold) under the A2 scenario are more evenly distributed geographically.
Temperature sensitivity
The mortality burdens for the +5 °C perturbation (c.f. 2003 baseline) are presented in Figure   3 and Table S3 . Morbidity results (not shown) have similar trends. Since no changes in population are included in these data the changes in absolute numbers of health burden shown in Figure 3 and Table S3 directly reflect the changes in exposure to O 3 . Mortality rates per 100,000 population are included to enable direct comparison with data in Table S1 for the three 2030 emissions scenarios. The changes in mortality rates from baseline are shown in Figure 4 .
Regardless of O 3 threshold assumption, the health burden increases in the +5 °C temperature simulation for all regions of the UK, since surface O 3 increases in all regions, although the magnitude of increase varies by region ( Figure 1 and Table 2 ). Under the assumption of no threshold for O 3 health effect, total UK mortality increases by 500 premature deaths, or by 4% on the baseline mortality of 11,500 (Figure 3a and Tables S1 & S2 
Discussion
The three 2030 scenarios used here show that, depending on anthropogenic precursor emissions trends, surface O 3 in different parts of the UK may increase or decrease.
Background O 3 is particularly influenced by global levels of CH 4 and hence by CH 4 controls (Stevenson et al., 2006; Wild et al., 2012) . The B2+CLE scenario has increased background O 3 (Table 1) For the B2+MFR scenario, although the lower NO x emissions lead to increased O 3 in highly urbanised areas, the decrease in background O 3 yields lower annual mean O 3 and relatively fewer days exceeding 35 ppbv compared with the B2+CLE scenario. The potential for different changes to mean and higher quantiles of O 3 distribution caused by precursor emissions changes has been noted before (Vautard et al., 2006; Wilson et al., 2012; Colette et al., 2012) .
The range in changes of surface O 3 over the UK across the three future emission scenarios investigated are larger than the changes simulated under a 5 °C increase in air temperature.
However, the latter leads to an increase in surface O 3 everywhere. Although it is not possible to make definitive statements regarding the relative influence of emissions scenarios versus climate change it is noted that the UKCP09 climate projections suggest that temperature increases of the order of 5 °C are not likely to occur until the 2080s, depending on greenhouse gas emission scenario followed (http://ukclimateprojections.defra.gov.uk). A number of recent regional modelling studies have also shown the effects of emissions changes on surface O 3 in Europe to be generally larger than those due to climate change projected to 2100 (Coleman et al., 2013; Fang et al., 2013; Hedegaard et al., 2013) . Hence, in the near term, the effects of precursor emission changes and inter-annual meteorological variability on annual-mean surface O 3 are likely to outweigh the effects of changes in temperature or other effects of climate change.
The total UK mortality and hospitalisation burdens presented here for 2003 are broadly comparable with earlier studies (Stedman and Kent, 2008; Hames and Vardoulakis, 2012) but there are differences in O 3 modelling and baseline health rates used. A feature here was the use of daily O 3 and health data and application of population-weighting to the individual 5 km × 5 km grid O 3 concentrations. The use of a daily baseline mortality rate rather than a single annual rate takes account of seasonal variations in mortality. The relative extent and geographical distribution of adverse health burden of exposure to surface O 3 follows the simulated O 3 concentrations, but health burdens are also highly sensitive to whether a threshold concentration of O 3 below which no health effect is assumed. When no threshold for a health effect of O 3 is assumed, the annual total health burden from daily exposures is little affected by how the O 3 concentration varies from day to day, but if a threshold is assumed then days of highest O 3 contribute most to the estimated annual burden on health.
Taking O 3 exposure over the full year as relevant the health burdens with a 35 ppbv threshold are roughly an order of magnitude lower than if no threshold is assumed, but there is a relatively greater increase in health burden in the B2+CLE and +5°C temperature scenarios.
The assumption of a threshold also enhances the geographical differences in health burdens:
the B2+MFR scenario emphasises a health burden differential between the more urbanised eastern and southern UK and the less densely populated north and west, whilst for the A2 scenario health burdens are more evenly distributed.
It is important to recognise that the simulated O 3 concentrations are derived from a single model, albeit a widely used and evaluated CTM (Carslaw, 2011; Carslaw et al., 2013; Schultz et al., 2013) . Nevertheless, considerable inter-model variability in simulation of O 3 has been noted elsewhere (Stevenson et al., 2006; Colette et al., 2012) . The greatest uncertainties in simulated O 3 pertinent to future scenarios relate to uncertainty in O 3 precursor emissions, particularly from climate-sensitive biogenic sources (Guenther et al., 2012; Langner et al., 2012) and in parameterisations of O 3 dry deposition especially under drought conditions (Emberson et al., 2012) . Many other potential meteorological influences of climate change may be relevant, including changes in humidity and in atmospheric transport and mixing processes, e.g. boundary layer depth, storm tracks and blocking highs. However, as highlighted above, future changes in anthropogenic emissions are generally found to be more important than changes in meteorology for changes in mean surface O 3 Hedegaard et al., 2013) and in O 3 exceedences (Coleman et al., 2013) .
Different health burden attribution methodologies may also yield different results. For example, there are uncertainties in the magnitude of concentration-response coefficients.
Coefficients used here are derived from consideration of (mainly) full-year time series studies that focus on short-term population exposure to O 3 , and in this work O 3 exposure over the full year was considered, a position supported by a recent review (WHO, 2013) . Issues surrounding potential modification of the health effect of O 3 by temperature are unresolved (Filleul et al., 2006; Ren et al., 2008; Pattenden et al., 2010; Atkinson et al., 2012) .
Complications also arise due to seasonally-varying correlations between O 3 and other air pollutants with health effects, particularly particulate matter (PM). However, most studies find the effects of O 3 are relatively independent of those of PM (WHO, 2006) . It has been assumed that regional daily baseline mortality and morbidity rates remain constant in the future. Coefficients and threshold values were applied equally to all UK population demography, and to future populations. Regarding the latter, it is not possible to predict with certainty changes in concentration-response coefficients and threshold effects of any autonomous or planned adaptation to future O 3 levels or to future climate change (Knowlton et al., 2004) .
Conclusions
Under future emissions scenarios, simulated concentrations of surface O 3 in the UK are highly sensitive to the interplay between levels of hemispheric background O 3 and, especially in urban locations, the magnitude of local NO x emissions. Potential changes in surface O 3 due to precursor emissions changes by 2030 are larger in magnitude (−3.0 to +3.5 ppbv, depending on scenario assumed) than those due to inter-annual variability from meteorological influences (−1.5 to +1.5 ppbv), and also larger than the surface O 3 increases under a +5 °C temperature scenario (1.0 to 1.5 ppbv, depending on geographic area).
Including estimated population increases, both the B2+CLR 'current legislation' and Individual data are presented to a maximum of 3 significant figure.
